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Homeodomain functionHox genes control many developmental events along the AP axis, but few target genes have been identiﬁed.
Whether target genes are activated or repressed, what enhancer elements are required for regulation, and
how different domains of the Hox proteins contribute to regulatory speciﬁcity are poorly understood. Six2 is
genetically downstream of both the Hox11 paralogous genes in the developing mammalian kidney and
Hoxa2 in branchial arch and facial mesenchyme. Loss-of-function of Hox11 leads to loss of Six2 expression
and loss-of-function of Hoxa2 leads to expanded Six2 expression. Herein we demonstrate that a single
enhancer site upstream of the Six2 coding sequence is responsible for both activation by Hox11 proteins in
the kidney and repression by Hoxa2 in the branchial arch and facial mesenchyme in vivo. DNA-binding
activity is required for both activation and repression, but differential activity is not controlled by differences
in the homeodomains. Rather, protein domains N- and C-terminal to the homeodomain confer activation
versus repression activity. These data support a model in which the DNA-binding speciﬁcity of Hox proteins
in vivo may be similar, consistent with accumulated in vitro data, and that unique functions result mainly
from differential interactions mediated by non-homeodomain regions of Hox proteins.
© 2009 Elsevier Inc. All rights reserved.Introduction
Hox proteins play a critical role in patterning the anteroposterior
(AP) body axis of most metazoans, but what target genes are
regulated and the mechanisms by which Hox proteins direct
morphological diversiﬁcation are poorly understood. In most bilater-
ian organisms, Hox genes are found in closely linked clusters and their
order on the chromosome reﬂects their expression and function along
the AP axis. Most 3′ genes (la and pb in arthropods; Hox1 and Hox2
group genes in vertebrates) are expressed most anteriorly, while
more 5′ genes are expressed with increasingly posterior boundaries.
All Hox proteins contain a DNA-binding domain, the homeodomain.
This domain is highly conserved among all Hox proteins, and this
motif, along with the clustered, colinear organization of these genes
on chromosomes, is the deﬁning hallmark of this group of develop-
mental regulators.
There is a high degree of conservation among homeodomains, and
all Hox proteins bind a highly similar -ATTA- core sequence in vitro,
providing little speciﬁcity for unique downstream target regulationedical Center, Department of
enetics, 109 Zina Pitcher, 2053
3 2162.
ll rights reserved.(Berger et al., 2008; Ekker et al., 1994; Noyes et al., 2008). Despite this
similarity in vitro, functional studies using ectopic expression of
chimeric Hox proteins in Drosophila report that differences in
homeodomain sequence and structure may confer functional speci-
ﬁcity to individual Hox proteins in vivo. In some cases, the nature of
the homeotic changes induced by ectopic overexpression of Hox
proteins is altered by swapping the homeodomains between Hox
proteins (Gibson et al., 1990; Kuziora and McGinnis, 1988, 1989,
1990; Lin and McGinnis, 1992; Mann and Hogness, 1990; Zeng et al.,
1993). In the majority of these studies, ectopic expression of wild-
type Hox protein is compared to ectopic expression of a chimeric
construct in which the homeodomain is swapped with another Hox
protein. However, reciprocal swaps, wherein the homeodomain
remains constant and the N- and C-terminal domains are swapped,
have not been systematically examined in comparison, making it
difﬁcult to assess the relative importance of the homeodomain versus
the N- and C-terminal domains in these experiments.
Support for the homeodomain as a speciﬁer for endogenous Hox
function in vertebrates was also reported by Zhao and Potter (2001,
2002). Targeted Hoxa11 alleles were designed in which the Hoxa11
homeodomain was precisely replaced with the Hoxa4, Hoxa10 or
Hoxa13 homeodomain. Animals with the homeodomain-swapped
alleles exhibited defects in some organ systems in which Hoxa11
genes function, supporting some degree of speciﬁcity for these
individual homeodomains. This functional speciﬁcity is context
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such as the axial skeleton, develop normally, consistent with
equivalent function between the two homeodomains in these
systems. Reciprocal swaps between non-homeodomain regions to
assess the relative contributions of non-homeodomain regions were
not addressed in these studies.
A few studies have examined activity outside the homeodomain.
In one study by Zeng et al. (1993), overexpression of a construct in
which the homeodomain and C-terminal region of Scr was swapped
into the Antp protein resulted in homeotic changes that more
closely resembled Scr than when just the homeodomain of Scr was
swapped, supporting a role for non-homeodomain regions in
functional speciﬁcity. Additionally, Tour et al. (2005) reported that
repression of Dll by Ubx acts via the Exd-binding YPWM motif, but
activation activity depends on the N-terminal 20 amino acids, which
includes a conserved SSYF motif. Further, Rambaldi et al. (1994)
showed that the auto-regulation of Hoxd4 in cell culture requires a
proline-rich N-terminal region, although this activity has not been
examined in vivo.
The YPWM motif is the most well characterized non-home-
odomain motif in Hox proteins. It is found just N-terminal to the
homeodomain in Hox1–Hox10 group proteins and is critical for
binding Hox cofactors, Pbx/Exd. Pbx/Exd confers DNA-binding
speciﬁcity and stability to Hox proteins in some contexts (Chan et
al., 1994; Peifer and Wieschaus, 1990). A linker region between the
YPWM and the homeodomain and an additional non-homeodomain
region have been reported to be important for Pbx contacts in
different contexts (Merabet et al., 2003, 2007). Downstream targets
regulated by Hox–Exd complexes have been identiﬁed in Drosophila
and include decapentaplegic (dpp), forkhead (fkh), and labial (lab)
(Capovilla et al., 1994; Grieder et al., 1997; Ryoo and Mann, 1999).
Mammalian Pbx and Prep have been shown to interact with Hoxb1 to
control the segment-speciﬁc regulation of several anterior Hox genes
during rhombomere formation in mammals, including the auto-
regulation of Hoxb1 expression (Ferretti et al., 2000; Maconochie et
al., 1997; Moens and Selleri, 2006; Popperl et al., 1995; Tumpel et al.,
2007). However, amore limited number ofmammalian organ systems
appear to rely on Hox-Pbx-Meis/Prep regulatory complexes, and Pbx
and Meis/Prep proteins appear to have broader roles in mammalian
development than solely as Hox cofactors (Brendolan et al., 2005;
DiMartino et al., 2001; Kim et al., 2002). Therefore, it is likely that
additional Hox regulatory cofactors and Hox-binding interactions
contribute to the wide array of Hox activities during mammalian
development.
Part of the difﬁculty in assessing relevant, in vivo functional
contributions by different domains of Hox proteins is due to the
lack of clearly deﬁned direct downstream target genes in vivo,
particularly those that demonstrate differential regulation by
distinct Hox proteins. Recently, Six2 has been shown to be a direct
downstream target of the Hox11 proteins in metanephric kidney
development. In the early metanephric mesenchyme, Hox11
proteins interact with Pax2 and Eya1 to promote the activation of
Six2 (Gong et al., 2007; Wellik et al., 2002). Six2 has also been
shown to be a target of Hoxa2 in the branchial arches and otic
mesenchyme. Here, Hoxa2 normally represses Six2 expression in
the facial mesenchyme and the second branchial arch (Kutejova et
al., 2005, 2008). In both cases, substantial evidence supports direct
regulation by Hox proteins in Six2 expression (Gong et al., 2007;
Kutejova et al., 2005, 2008).
In this report, we identify a single enhancer site that promotes
repression of Six2 in anterior regions by Hoxa2 and activation of
Six2 in nephrogenic mesenchyme by Hox11 proteins in vivo. DNA
binding is required for both Hox activation and repression
activities, but differential regulation depends primarily on N- and
C-terminal regions that ﬂank the homeodomain. Speciﬁcally,
repression relies on a 63 amino acid sequence C-terminal to theHoxa2 homeodomain, a domain that is conserved in Hox2 and
Hox3 paralogs. Activation by Hox11 requires domains both N- and
C-terminal to the homeodomain.
Materials and methods
Six2-luciferase assays
The Six2-luciferase reporter and the Hox11, Pax2, and Eya1 protein
expression vectors were designed as previously reported (Gong et al.,
2007). Hoxa2, Hoxb2, Hoxa3, Hoxb3, Hoxa5, and Hoxa6 cDNAs were
generated using C57Bl6 embryonic RNA using SuperScript III RNase H
Reverse Transcriptase (Invitrogen), ampliﬁed by Platinum Taq High
Fidelity DNA Polymerase (Invitrogen), and were cloned into p3XFlag-
CMV10 expression vectors (Sigma). The Pbx1a and Pbx1b expression
vectors were generously donated by Dr. Licia Selleri (Capellini et al.,
2006). The Hoxa2 and Hoxa11 chimeric protein constructs were
designed as detailed in Fig. 4.
The last 63 amino acids of the Hoxa2 C-terminal region were
deleted from the Hoxa2-p3XFlag-CMV10 expression vector using PCR.
The forward primer was designed in the p3XFlag-CMV10 vector
downstream Hoxa2 and the reverse primer was designed in Hoxa2
upstream the sequence to be deleted. The resulting PCR product was
ligated together and sequencing conﬁrmed the deletion.
The QuikChange II XL site-directed mutagenesis kit (Stratagene)
was used to mutate Hox homeodomain amino acids. The Hoxa2 and
Hoxa11 asparagine and arginine at amino acid positions 51 and 53,
respectively, were both mutated to alanines. Western analyses
conﬁrmed the stable expression of all the Hox protein constructs
(Supplemental Figure 1).
Luciferase assays in MDCK cells were performed as previously
described (Gong et al., 2007) and the data were normalized to cells
transfected with the Six2 reporter construct alone, labeled as one fold
change. Relative fold change for the graphs in Figs. 5 and 7 was
normalized to cells co-transfected with the Six2 reporter construct
and the Pax2 and Eya1 protein expression vectors. Co-immunopre-
cipitation assays from HEK 293 cells were performed as previously
described using IgG as negative controls (Gong et al., 2007).
In situ hybridization and transgenic expression analyses
In situ hybridization was performed as previously described
(Huppert et al., 2005; Wellik et al., 2002). Six2 in situ probe was
previously reported (Oliver et al., 1995). Six2-LacZ constructs and
embryo analyses were previously described (Gong et al., 2007).
Results
Differential regulation of Six2 expression
Six2, a homeobox transcription factor, is expressed in multiple
organ systems of the developing embryo, and Six2 expression is
altered in Hox mutant mice. Loss-of-function of Hoxa2 results in an
expansion of Six2 expression in the branchial arches and periotic
mesenchyme and leads to malformations of the middle and external
ear (Figs. 1A and B (Kutejova et al., 2005; Rijli et al., 1993)). In Hox11
paralogous mutants, in contrast, Six2 expression is lost from the early
metanephric mesenchyme, and ureteric bud induction does not
occur (Figs. 1C and D (Wellik et al., 2002)). Thus, at a genetic level,
Six2 expression is differentially regulated by these two sets of Hox
genes.
Molecular and genetic experiments demonstrate that expression
of Six2 in the metanephric mesenchyme is a result of direct activation
by a complex of proteins that include the Hox11 proteins, Pax2, and
Eya1 acting through a 50 bp Hox response element (HRE) upstream of
the Six2 coding sequence (Gong et al., 2007; Wellik et al., 2002).
Fig. 1. Six2 expression is differentially regulated in Hoxa2 and Hox11mutant embryos. (A) Lateral view of the head region of an E11.5 control embryo demonstrating Six2 expression
in the ﬁrst branchial arch (black arrowhead) and periotic mesenchyme (black arrow). (B) Hoxa2 null embryos exhibit expanded Six2 expression in the periotic mesenchyme (red
arrow) and into the second branchial arch (red arrowhead). (C) At E11.0, Six2 is expressed in themetanephric mesenchyme in control embryos (black outline). (D) Six2 expression is
absent from the metanephric mesenchyme of E11.0 Hox11 triple paralogous mutants (red outline). 1Mx, maxillary component of ﬁrst branchial arch; 1Mn, mandibular component of
the ﬁrst branchial arch; 2, second branchial arch; 2⁎, transformed second branchial arch; o, otic vesicle; e, eye; K, kidney (metanephric mesenchyme).
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Six2 upstream sequence were previously shown to be sufﬁcient to
reproduce endogenous Six2 expression in transgenic embryos
(Brodbeck et al., 2004; Kutejova et al., 2005). Using a similar sequence
to those previously published, we also show that a 970 bp element
(−1238 to−266) is able to drive normal expression in the branchial/
headmesenchyme region as well as in the posterior nephrogenic cord
(Figs. 2A and B (Gong et al., 2007)). Mutation of the 50 bp HRE in vivoFig. 2. A single enhancer site regulates Six2 repression in the developing periotic mesench
construct. The Hox response element (HRE, gray box) is mutated in the Six2mut-LacZ cons
mesenchyme and branchial arches (black arrowhead and asterisk), as well as the posterior n
demonstrate expanded expression of Six2 in the periotic mesenchyme and branchial arches
(red arrow). o; otic vesicle.results in loss of Six2-LacZ reporter expression in the nephrogenic
mesenchyme (19 of 19 independent transgenic lines; Fig. 2C, red
arrow (Gong et al., 2007)). Surprisingly, mutation of this enhancer in
vivo also results in expansion of the Six2-LacZ expression in the
periotic and branchial mesenchyme in 16 of the 19 mutant transgenic
embryos (Fig. 2C, red arrowhead and asterisk). Thus, the Six2-LacZ
expression pattern in the transgenic embryos with a mutated HRE
recapitulates the expansion observed in Hoxa2 mutant embryos andyme and Six2 activation in the kidney. (A) Schematic of the 980 bp Six2-LacZ reporter
truct (Gong et al., 2007). (B) Control Six2-LacZ expression is observed in the periotic
ephrogenic mesenchyme (black arrow). (C) Mutant transgenic embryos (Six2mut-LacZ)
(red arrowhead and asterisk) and loss of expression in the nephrogenic mesenchyme
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providing strong evidence that this single enhancer site confers both
activation and repression by Hox proteins at this locus. These data are
consistent with data reported by Kutejova et al. (2005, 2008) in which
two Hoxa2-binding sites were identiﬁed by EMSA and ChIP within a
100 bp region upstream of Six2. One of the two identiﬁed Hoxa2-
binding sites is mutated in our 50 bp HRE, supporting the functionality
of this site in vivo.
Using a luciferase reporter construct containing 3 kb of the Six2
promoter sequence, which includes the HRE (Fig. 3A, gray box), we
are able to show that activation and repression can both be
recapitulated in MDCK cells expressing Pax2 and Eya1. Addition of
Hox11 proteins signiﬁcantly increases Six2 activation (Fig. 3B and
Gong et al., 2007). In contrast, Hoxa2 protein represses the Pax2-
Eya1-mediated Six2 reporter expression (Fig. 3B). The HRE is essential
for Hox-mediated activity, as no Pax-Eya-Hox-mediated activity can
be demonstrated when the 50 bp HRE is mutated (Gong et al., 2007).
Thus, the in vivo behavior of these Hox proteins acting via the HRE is
recapitulated in this cell culture assay, allowing us to use this assay to
probe the mechanism of differential Hox activity.
As we previously showed that Pax2 and Eya1 are cofactors in the
activation of Six2 by Hox11 proteins, we next examined whether
Pax2 and Eya1 physically interact with Hoxa2, or if Hox11
association with Pax2 and Eya1 is unique to Hox11 proteins. Pax2
and Eya1 are expressed in the head mesenchyme with overlapping,
but broader domains of expression compared to Hoxa2 (Kalatzis et
al., 1998; Nornes et al., 1990; Tan et al., 1992 and Supplemental
Figure 2). We performed reciprocal co-immunoprecipitations with
these proteins and demonstrate that Hoxa2 physically interacts with
Pax2 and Eya1 at levels comparable to the interactions previously
reported with Hox11 proteins (Fig. 3C (Gong et al., 2007)). Further
supporting a role for Pax2 and Eya1 in Hoxa2-mediated repression,
Eya1 mutants also demonstrate an expansion of Six2 expression in
the periotic mesenchyme. Loss of Pax2 function, however, has little
effect on Six2 expression (Supplemental Figure 2). As Pax8 is also
expressed in this region and has been shown to function in ear
development (Christ et al., 2004; Mackereth et al., 2005; Pfeffer et al.,
1998), it is possible that Pax2 and Pax8 function redundantly in this
region.
Of note, we could produce no evidence that the regulatory
functions of these Hox proteins are dependent on Pbx as a cofactor,
as Pbx1 does not affect Six2 reporter activity with or without Hox,
Pax2, or Eya1 proteins (Fig. 3D and data not shown). These data are
consistent with a previous report that shows that Pbx1 binds to a site
near the HRE but that it does not interact with Hoxa2 (Kutejova et al.,
2008).
Hox regulatory domains
To begin dissecting the mechanistic basis for differential activation
and repression of Six2 by Hox proteins, we generated a series of
chimeric protein expression constructs in which the homeodomain
and/or regions N- or C-terminal to the homeodomainwere exchanged
between Hoxa11 (activator) and Hoxa2 (repressor; Fig. 4 illustrates
chimeric protein constructs). Replacement of the Hoxa11 C-terminal
domainwith theHoxa2 C-terminal domain results in conversion of the
Hoxa11 activator to a repressor (Hoxa11N-HD+Hoxa2C; Fig. 5A,
column 3). Repression activity relies only on the identity of the C-
terminal domain becausewhich homeodomain is present has no effect
on activity (Hoxa11N+Hoxa2HD-C, Hoxa2N+Hoxa11HD+Hoxa2C;
Fig. 5A, column 3). Thus, the ability for Hoxa2 to confer repression lies
within the domain C-terminal to the homeodomain of Hoxa2. The
presence of an N-terminal region and the homeodomain is required as
partial protein constructs have no activity (data not shown), but these
regions are not critical for conferring repression. These data also
support the assertion that Pbx is not required for Hoxa2 repression, assubstitution of the Hoxa11 N-terminal domain (which has no YPWM
motif) for the Hoxa2 N-terminal domain has no effect on repression.
In converse chimeric experiments, replacing the Hoxa2 C-
terminal domain with the Hoxa11 C-terminal domain does not
convert this Hox protein to an activator (Hoxa2N-HD+Hoxa11C; Fig.
5A, column 4). In this chimera, repression is lost, consistent with the
repressive activity being localized to the Hoxa2 C-terminal domain.
Swapping protein domains such that both N- and C-terminal
domains from the Hoxa11 protein are present with the Hoxa2
homeodomain, however, is sufﬁcient for full activation of Six2
expression (Hoxa11N+Hoxa2HD+Hoxa11C; Fig. 5A, column 5).
Of note, while there are only 13 amino acids C-terminal to the
homeodomain in Hoxa11 (and Hoxc11 and Hoxd11), this domain is
essential for activation activity. Deletion of these 13 amino acids
results in complete loss of activity (data not shown).
To identify potential shared functional domains among Hox
proteins, we next examined whether other Hox proteins are capable
of mediating activation or repression of Six2 in this context. Only a
few Hox proteins from other paralog groups, such as Hoxa5 and
Hoxa6, are able to mediate strong activation of Six2 similar to the
Hox11 paralogs (Fig. 5B). However, Hoxa2, Hoxb2, as well as
members of the Hox3 paralog group, are unique in their ability to
mediate repression in this assay (Fig. 5B).
Comparison of the protein coding sequences from all 39 Hox
proteins immediately reveals a striking difference between the Hox2
and Hox3 paralogs and the rest of the mammalian Hox proteins. The
C-terminal regions of the Hox2 and Hox3 proteins are much longer
than any of the other Hox proteins (Fig. 6A; full protein sequence
shown in Supplemental Figure 3). Hoxa2, Hoxb2, Hoxa3, Hoxb3, and
Hoxd3 have between 154 and 192 amino acids C-terminal to the
homeodomain, while the remaining 34 Hox proteins only have
between 6 and 49 amino acids C-terminal to the homeodomain.
Amino acid sequence alignment of the Hox2 and Hox3 paralogs
reveals signiﬁcant conservation in the region C-terminal to the
homeodomain, especially in the most C-terminal 60 residues (Fig.
6B, blue shading).
To further identify the domain responsible for repression activity
of Six2 by the Hox2/3 proteins, we deleted only the most C-terminal
63 amino acids of Hoxa2 that exhibit the highest conservation
between the Hox2 and Hox3 paralogs (yellow shaded sequence in Fig.
6B). Deletion of this conserved region results in complete loss of
activity by the Hoxa2 protein (Hoxa2ΔC63, Fig. 5A, column 6). Thus,
repression of Six2 by Hoxa2 relies on a conserved, 63 amino acid
sequence at the most C-terminal end of the Hoxa2 protein.DNA binding is required for activation and repression
The previous set of experiments demonstrates that the identity
of the homeodomain is not critical for differential activation and
repression. In order to determine whether DNA binding is required,
we generated mutations in critical homeodomain amino acids in
our protein expression constructs. Previous work has shown that
amino acids 51 and 53 of the homeodomain are essential for DNA
binding of homeobox proteins (Gehring et al., 1994; Laughon,
1991), therefore mutations of these sites were generated for both
Hoxa2 and Hoxa11 (Fig. 4). The ability of Hoxa2 to repress, and of
Hoxa11 to activate, Six2 expression is signiﬁcantly reduced when
the DNA-binding domain of either protein is mutated, demonstrat-
ing that DNA binding is a critical component of both Hox activation
and repression (Fig. 7). Taken together, these experiments demon-
strate that while DNA binding is important for transcriptional
activity, the identity of the homeodomain does not confer
differential activities to these Hox proteins. Rather, it is the
unique domains N- and C-terminal to the homeodomain that
confer differential activity at this enhancer.
Fig. 3. Differential regulation of Six2 in reporter assays. (A) Diagram of reporter construct with 3 kb of Six2 upstream sequence driving luciferase. The gray box denotes the HRE. (B)
Individually, Hoxa2 and Hoxa11 demonstrate little activity when co-expressed with the Six2 reporter, while Pax2 and Eya1 in combination result in moderate up-regulation. Co-
expression of Hoxa11 with Pax2 and Eya1 results in a further synergistic increase in reporter activity. Co-expression of Hoxa2, in contrast, represses Pax2-Eya1-mediated Six2
expression. (C) Reciprocal co-immunoprecipitations were performed using whole cell extracts of HEK-293 cells transfected with Pax2 and Eya1 expression constructs and either
Hoxa2 or Hoxa11. Immunoblotting (IB) for Hoxa2 or Hoxa11 demonstrates co-immunoprecipitation (IP) with Pax2 and Eya1. Immunoblotting for Eya1 demonstrates co-
immunoprecipitation of Hoxa2 or Hoxa11 and Pax2. Immunoblotting for Pax2 demonstrates co-immunoprecipitation with Hoxa2 or Hoxa11 and Eya1. (D) Co-expression of Pbx1a
and Pbx1b isoforms with Hoxa2 or Hoxa11 causes no signiﬁcant changes in Six2 expression levels.
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Fig. 4. Generation of chimeric Hox protein expression constructs. a11N-HD+a2C and a2N-HD+a11C: Regions C-terminal to the homeodomain were PCR ampliﬁed from full-length
Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression vectors using primers with a KpnI restriction site 5′ of the C-terminal region and an XbaI site 3′ to the coding sequence. Coding
sequences of N-terminal+HD regions were also PCR ampliﬁed with the same restriction site at the HD-C-terminal junction and a HindIII site upstream of the ATG. Digestion and
religation to generate the chimera protein products resulted in the insertion of six bases, GGTACC, which translate to a two amino acid insertion (Gly+Thy) into the chimeric
proteins. a11N+a2HD-C and a2N+a11HD-C: Regions N-terminal to the homeodomainwere PCR ampliﬁed from full-length Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression vectors
using primers with a 5′ HindIII site upstream of the ATG and a 3′-end KpnI restriction site. The coding sequences of HD+C-terminal regions were also PCR ampliﬁed with the same
restriction site at the N-terminal–HD junction. Digestion and religation to generate the chimera protein products resulted in the insertion of six bases, GGTACC, which translate to a
two amino acid insertion (Gly+Thy) into the chimeric proteins. a2N+a11HD+a2C and a11N+a2HD+a11C: Regions N-terminal to the homeodomain were PCR ampliﬁed from
full-length Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression vectors using primers with a 5′-end HindIII and a 3′-end BglII restriction site immediately ﬂanking the N-terminal coding
sequence. HD regions were also PCR ampliﬁed with a 5′ BglII and 3′ KpnI restriction sites at each junction. Regions C-terminal to the homeodomain were PCR ampliﬁed from full-
length Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression vectors using primers with a 5′-end KpnI restriction site and 3′ XbaI site. Digestion and religation to generate the chimera
protein products resulted in the insertion of six bases, AGATCT (Gly+Thy), in the N-terminal–HD junction and of six bases, GGTACC (Arg+Ser), in the C-terminal–HD junction.
Hoxa2Δ: The yellow box with the triangle indicates the 63 amino acid deletion of the C-terminal region in Hoxa2. Hoxa2-HDmut and Hoxa11-HDmut: The ⁎51 and ⁎53 indicate the
mutated amino acids in the Hoxa2 and Hoxa11 homeodomains. Hoxa2, pink; Hoxa11, blue; N, region N-terminal to the homeodomain; HD, homeodomain; C, region C-terminal to
the homeodomain; asterisk, amino acid mutation. Amino acids at both positions (51, Asp and 53, Arg) were mutated to alanines.
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Despite decades of research, little is known regarding the
mechanisms by which Hox proteins regulate patterning along the
AP axis. Extensive genetic analyses unequivocally demonstrate the
importance of these genes in controlling segment identity in Droso-
phila and many aspects of patterning along the AP body axis and the
proximodistal axis of limbs in vertebrates (Chisaka and Capecchi,
1991; Davis et al., 1995; Fromental-Ramain et al., 1996; Kmita et al.,
2005; Lewis, 1963; Lewis, 1978; McIntyre et al., 2007; Peifer and
Wieschaus, 1990; Wellik, 2007; Wellik and Capecchi, 2003; Wellik et
al., 2002; Zakany and Duboule, 2007). How these global patterning
events are regulated at a transcriptional level, however, is poorly
understood.
One of the main difﬁculties in identifying direct downstream
targets is the poor speciﬁcity in sequence recognition exhibited by
Hox proteins. The DNA-binding motif is highly conserved between all
Hox proteins, even over large evolutionary distances, and all Hox
proteins preferentially bind a conserved -ATTA- core motif (Berger etal., 2008; Ekker et al., 1994; Noyes et al., 2008). The low speciﬁcity and
frequency with which this short sequence occurs throughout the
genome makes HRE prediction extremely difﬁcult.
The poor binding speciﬁcity in vitro contrasts sharply, however,
with the highly speciﬁc functions ascribed for individual Hox proteins
in vivo. Initially, the notion that modest differences in binding
preference by individual homeodomains contributes to in vivo
speciﬁcity was explored and gained broad support (reviewed in
Krumlauf and Gould, 1992; McGinnis and Krumlauf, 1992), but
mechanistic details regarding how minor differences in DNA-binding
speciﬁcities result in differential downstream gene regulation have
not been forthcoming.
The discovery that mutation of exd, a Drosophila TALE-class
homeodomain gene, resulted in Hox-like homeotic changes without
causing changes in Hox expression led to the suggestion that exd
might be a cofactor for Hox downstream target regulation (Peifer and
Wieschaus, 1990). This was shown to be the case for ubx in 1994
(Chan et al., 1994) and has since been shown to be operative in several
contexts (reviewed in Moens and Selleri, 2006). Exd, or Pbx in
Fig. 5. Non-homeodomain regions of Hox proteins are critical for differential regulation of Six2 expression. (A) The homeodomain (HD), as well as regions N-terminal (N) and C-
terminal (C) to the homeodomain, were systematically exchanged between Hoxa2 (pink) and Hoxa11 (blue). Replacement of the C-terminal region of Hoxa11 with the Hoxa2 C-
terminal domain (a11N-HD+a2C, a11N+a2HD-C, or a2N+a11HD+a2C (bar 3)) represses activation of Six2 in a manner similar to the full-length Hoxa2 (bar 2), demonstrating
that regions C-terminal to the Hoxa2 homeodomain confer repression activity. Swapping the N-terminal and/or the homeodomain of Hoxa2 into the Hoxa11 construct abrogates
activation but does not convert this protein to a repressor (a2N-HD+a11C or a2N+a11HD-C (bar 4)). Both N- and C-terminal regions of Hoxa11 are required to activate Six2
expression (a11N+a2HD+a11C, bar 5). Deletion of the last 63 amino acids of Hoxa2 C-terminal domain abrogates Hoxa2-mediated repression (bar 6), demonstrating this region is
critical for conferring Hoxa2 repression. (B) Hoxa5, Hoxa6, and Hox11 proteins synergistically activate Six2 expression (Activators) in this assay. Six2 is repressed by Hoxa2, Hoxb2,
Hoxa3, and Hoxb3 (Repressors) in this reporter analysis. Daggers (†) indicate similar fold changes were observed for the listed Hox protein expression constructs. The largest
standard deviation for any single experiment is shown in the above ﬁgure where more than one construct result is represented. (The baseline expression in this experiment
represents the expression level of the Six2 reporter transfected with only Pax2 and Eya1.)
162 A.R. Yallowitz et al. / Developmental Biology 335 (2009) 156–165mammals, binds Hox primarily via a conserved hexapeptide motif N-
terminal to the homeodomain (Knoepﬂer et al., 1999; Neuteboom et
al., 1995; Passner et al., 1999; Phelan et al., 1995; Piper et al., 1999).Collectively, this work highlights the importance of this non-home-
odomain motif for Hox function and speciﬁcity and has led to the
identiﬁcation of a subset of target genes regulated by this complex in
Fig. 6.Mammalian Hox protein sequence comparisons. (A) Alignment of the homeodomain and C-terminal region of all 39 Hox proteins beginning at the homeodomain (in black background) highlights the differences in length of the regions
C-terminal to the homeodomains. The C-terminal region of the Hox2 and Hox3 paralogous groups (highlighted in pink) are more than 100 amino acids longer than the C-terminal regions of any of the other Hox paralogs (highlighted in gray).
The Hox proteins are ordered by paralogous group (1–13). (B) The regions C-terminal to the homeodomains of the Hox2 and Hox3 paralogs were aligned using ClustalW. Identical or similar amino acids are highlighted in blue. The yellow box
indicates a conserved 63 amino acid region at the C-terminus.
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Fig. 7. DNA binding is required for Hox protein function. Repression of Six2 by Hoxa2
(pink bar) is abrogated when critical amino acids in the homeodomain are mutated
(pink bar with white asterisk). Activation of Six2 by Hoxa11 (blue bar) is inhibited
when critical amino acids in the homeodomain are mutated (blue bar with white
asterisk). (The baseline expression in this experiment represents the expression level of
the Six2 reporter transfected with only Pax2 and Eya1.)
164 A.R. Yallowitz et al. / Developmental Biology 335 (2009) 156–165both Drosophila and mammals (Capovilla et al., 1994; Ferretti et al.,
2000; Grieder et al., 1997; Maconochie et al., 1997; Moens and Selleri,
2006; Popperl et al., 1995; Ryoo andMann, 1999; Tumpel et al., 2007).
However, mammalian Pbx proteins do not interact with the most
posterior Hox paralog groups (including Hox11 proteins) and
mutants for Pbx genes demonstrate many phenotypes not observed
in Hox mutants (Brendolan et al., 2005; Capellini et al., 2006;
DiMartino et al., 2001; Kim et al., 2002; reviewed in Moens and
Selleri, 2006). Further, the increased speciﬁcity of the combined Hox/
Exd consensus binding site has not led to the identiﬁcation of a large
number of additional target genes (Ebner et al., 2005). Taken together,
it is likely that other mechanisms of conferring target gene speciﬁcity
exist for Hox proteins.
Using sequence comparisons of regulatory regions between
genomes, and by using large-scale molecular and biochemical
screening techniques, several attempts have been made to identify
Hox target genes (Cobb and Duboule, 2005; Guazzi et al., 1998;
Hedlund et al., 2004; Hersh et al., 2007; Kimura et al., 1997; Leemans
et al., 2001;McCabe and Innis, 2005;Mohit et al., 2006; Rohrschneider
et al., 2007; Schwab et al., 2006; Valerius et al., 2002; Zhao and Potter,
2001). Many putative HREs have been identiﬁed in cell culture, and a
panoply of expression changes with both loss-of-function and gain-
of-function Hox mutants has been reported. Many of these studies
note changes in expression for hundreds of genes, along with distinct
changes in expression for different Hox mutants. Together, these
studies give us a sense of the broad importance of Hox gene function
in vivo and also further demonstrate that unique regulatory
contributions can be made by individual Hox proteins. A continued
combination of in silico computational work and in vivo experimen-
tation will hopefully result in conﬁrmation of direct downstream
targets in which enhancer elements can be identiﬁed and tested.
Ultimately, these experiments may lead to a much greater under-
standing of Hox function; however, mechanistic details regarding Hox
function at in vivo downstream targets await further analyses.
In this study, we demonstrate that Hoxa2 represses Six2
expression and Hox11 proteins activate Six2 expression using the
same enhancer site in vivo. Previous work has demonstrated that
Hox11 activates Six2 expression in vivo (Gong et al., 2007; Wellik et
al., 2002) while Hoxa2 represses Six2 expression in vivo (Kutejova et
al., 2005, 2008). Our transgenic analysis of the regulatory region
upstream of Six2 identiﬁes a 50 bp HRE; mutation of this element
results in both the loss of Six2 expression in the kidney and expansion
of Six2 expression in the facial mesenchyme. This ﬁnding, along with
the ability to recapitulate these in vivo expression activities in cell
culture with the addition of Pax2 and Eya1 (cofactors needed foractivation with Hox11 proteins (Gong et al., 2007)), provided us with
the opportunity to explore the mechanistic basis of the differential
Hox regulation at this HRE.
Our data are consistent with a model in which the speciﬁc effects
of Hox activity in vivo lie with its ability to interact with other proteins
at the regulatory site via non-homeodomain regions N- and C-
terminal to the DNA-binding domain. In addition to being consistent
with in vitro binding data which show very similar binding
preferences for all Hox proteins (Berger et al., 2008; Noyes et al.,
2008), these data are also consistent with the fact that there is
signiﬁcant conservation of N- and C-terminal protein sequence
between functionally redundant Hox paralogs and even between
orthologs. Whether Hox proteins operate largely by classically
understood co-regulators, like Exd/Pbx, or by collaboration with
many other factors, this study demonstrates that domains outside the
homeodomain are likely to be critical for imparting Hox proteins with
their unique properties to direct speciﬁc target gene regulation in
vivo.
Acknowledgments
This work was supported in part by the National Institute of Health
grants DK071929 (D.W.) and DK077045 (D.W.), by the University of
Michigan's Training Program in Organogenesis T32-HD007505 (A.Y.),
and in part by the National Institutes of Health through the University
of Michigan's Cancer Center support grant (5 P30 CA46592).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2009.08.020.
References
Berger, M.F., Badis, G., Gehrke, A.R., Talukder, S., Philippakis, A.A., Pena-Castillo, L.,
Alleyne, T.M., Mnaimneh, S., Botvinnik, O.B., Chan, E.T., Khalid, F., Zhang, W.,
Newburger, D., Jaeger, S.A., Morris, Q.D., Bulyk, M.L., Hughes, T.R., 2008. Variation in
homeodomain DNA binding revealed by high-resolution analysis of sequence
preferences. Cell 133, 1266–1276.
Brendolan, A., Ferretti, E., Salsi, V., Moses, K., Quaggin, S., Blasi, F., Cleary, M.L., Selleri, L.,
2005. A Pbx1-dependent genetic and transcriptional network regulates spleen
ontogeny. Development 132, 3113–3126.
Brodbeck, S., Besenbeck, B., Englert, C., 2004. The transcription factor Six2 activates
expression of the Gdnf gene as well as its own promoter. Mech. Dev. 121,
1211–1222.
Capellini, T.D., Di Giacomo, G., Salsi, V., Brendolan, A., Ferretti, E., Srivastava, D.,
Zappavigna, V., Selleri, L., 2006. Pbx1/Pbx2 requirement for distal limb patterning
is mediated by the hierarchical control of Hox gene spatial distribution and Shh
expression. Development 133, 2263–2273.
Capovilla, M., Brandt, M., Botas, J., 1994. Direct regulation of decapentaplegic by
Ultrabithorax and its role in Drosophila midgut morphogenesis. Cell 76, 461–475.
Chan, S.K., Jaffe, L., Capovilla, M., Botas, J., Mann, R.S., 1994. The DNA binding speciﬁcity
of Ultrabithorax is modulated by cooperative interactions with extradenticle,
another homeoprotein. Cell 78, 603–615.
Chisaka, O., Capecchi, M.R., 1991. Regionally restricted developmental defects resulting
from targeted disruption of the mouse homeobox gene hox-1.5. Nature 350,
473–479.
Christ, S., Biebel, U.W., Hoidis, S., Friedrichsen, S., Bauer, K., Smolders, J.W., 2004.
Hearing loss in athyroid pax8 knockout mice and effects of thyroxine substitution.
Audiol. Neurootol. 9, 88–106.
Cobb, J., Duboule, D., 2005. Comparative analysis of genes downstream of the Hoxd
cluster in developing digits and external genitalia. Development 132, 3055–3067.
Davis, A.P., Witte, D.P., Hsieh-Li, H.M., Potter, S.S., Capecchi, M.R., 1995. Absence of
radius and ulna in mice lacking hoxa-11 and hoxd-11. Nature 375, 791–795.
DiMartino, J.F., Selleri, L., Traver, D., Firpo, M.T., Rhee, J., Warnke, R., O'Gorman, S.,
Weissman, I.L., Cleary, M.L., 2001. The Hox cofactor and proto-oncogene Pbx1 is
required for maintenance of deﬁnitive hematopoiesis in the fetal liver. Blood 98,
618–626.
Ebner, A., Cabernard, C., Affolter, M., Merabet, S., 2005. Recognition of distinct target
sites by a unique Labial/Extradenticle/Homothorax complex. Development 132,
1591–1600.
Ekker, S.C., Jackson, D.G., von Kessler, D.P., Sun, B.I., Young, K.E., Beachy, P.A., 1994. The
degree of variation in DNA sequence recognition among four Drosophila homeotic
proteins. Embo J. 13, 3551–3560.
Ferretti, E., Marshall, H., Popperl, H., Maconochie, M., Krumlauf, R., Blasi, F., 2000.
Segmental expression of Hoxb2 in r4 requires two separate sites that integrate
165A.R. Yallowitz et al. / Developmental Biology 335 (2009) 156–165cooperative interactions between Prep1, Pbx and Hox proteins. Development 127,
155–166.
Fromental-Ramain, C., Warot, X., Messadecq, N., LeMeur, M., Dolle, P., Chambon, P.,
1996. Hoxa-13 and Hoxd-13 play a crucial role in the patterning of the limb
autopod. Development 122, 2997–3011.
Gehring, W.J., Qian, Y.Q., Billeter, M., Furukubo-Tokunaga, K., Schier, A.F., Resendez-
Perez, D., Affolter, M., Otting, G., Wuthrich, K., 1994. Homeodomain–DNA
recognition. Cell 78, 211–223.
Gibson, G., Schier, A., LeMotte, P., Gehring, W.J., 1990. The speciﬁcities of Sex combs
reduced and Antennapedia are deﬁned by a distinct portion of each protein that
includes the homeodomain. Cell 62, 1087–1103.
Gong, K.Q., Yallowitz, A.R., Sun, H., Dressler, G.R., Wellik, D.M., 2007. A Hox–Eya–Pax
complex regulates early kidney developmental gene expression. Mol. Cell. Biol 21,
7661–7668.
Grieder, N.C., Marty, T., Ryoo, H.D., Mann, R.S., Affolter, M., 1997. Synergistic activation
of a Drosophila enhancer by HOM/EXD and DPP signaling. EMBO J. 16, 7402–7410.
Guazzi, S., Pintonello, M.L., Vigano, A., Boncinelli, E., 1998. Regulatory interactions
between the human HOXB1, HOXB2, and HOXB3 proteins and the upstream
sequence of the Otx2 gene in embryonal carcinoma cells. J. Biol. Chem. 273,
11092–11099.
Hedlund, E., Karsten, S.L., Kudo, L., Geschwind, D.H., Carpenter, E.M., 2004.
Identiﬁcation of a Hoxd10-regulated transcriptional network and combinatorial
interactions with Hoxa10 during spinal cord development. J. Neurosci. Res. 75,
307–319.
Hersh, B.M., Nelson, C.E., Stoll, S.J., Norton, J.E., Albert, T.J., Carroll, S.B., 2007. The UBX-
regulated network in the haltere imaginal disc of D. melanogaster. Dev. Biol. 302,
717–727.
Huppert, S.S., Ilagan, M.X., De Strooper, B., Kopan, R., 2005. Analysis of Notch function in
presomitic mesoderm suggests a gamma-secretase-independent role for preseni-
lins in somite differentiation. Dev. Cell 8, 677–688.
Kalatzis, V., Sahly, I., El-Amraoui, A., Petit, C., 1998. Eya1 expression in the developing
ear and kidney: towards the understanding of the pathogenesis of branchio-oto-
renal (BOR) syndrome. Dev. Dyn. 213, 486–499.
Kim, S.K., Selleri, L., Lee, J.S., Zhang, A.Y., Gu, X., Jacobs, Y., Cleary, M.L., 2002. Pbx1
inactivation disrupts pancreas development and in Ipf1-deﬁcient mice promotes
diabetes mellitus. Nat. Genet. 30, 430–435.
Kimura, C., Takeda, N., Suzuki, M., Oshimura, M., Aizawa, S., Matsuo, I., 1997. cis-Acting
elements conserved between mouse and pufferﬁsh Otx2 genes govern the
expression in mesencephalic neural crest cells. Development 124, 3929–3941.
Kmita, M., Tarchini, B., Zakany, J., Logan, M., Tabin, C.J., Duboule, D., 2005. Early
developmental arrest of mammalian limbs lacking HoxA/HoxD gene function.
Nature 435, 1113–1116.
Knoepﬂer, P.S., Bergstrom, D.A., Uetsuki, T., Dac-Korytko, I., Sun, Y.H., Wright, W.E.,
Tapscott, S.J., Kamps, M.P., 1999. A conserved motif N-terminal to the DNA-binding
domains of myogenic bHLH transcription factors mediates cooperative DNA
binding with pbx-Meis1/Prep1. Nucleic Acids Res. 27, 3752–3761.
Krumlauf, R., Gould, A., 1992. Homeobox cooperativity. Trends Genet. 8, 297–300.
Kutejova, E., Engist, B., Mallo, M., Kanzler, B., Bobola, N., 2005. Hoxa2 downregulates
Six2 in the neural crest-derived mesenchyme. Development 132, 469–478.
Kutejova, E., Engist, B., Self, M., Oliver, G., Kirilenko, P., Bobola, N., 2008. Six2 functions
redundantly immediately downstream of Hoxa2. Development 135, 1463–1470.
Kuziora, M.A., McGinnis, W., 1988. Autoregulation of a Drosophila homeotic selector
gene. Cell 55, 477–485.
Kuziora, M.A., McGinnis, W., 1989. A homeodomain substitution changes the regulatory
speciﬁcity of the deformed protein in Drosophila embryos. Cell 59, 563–571.
Kuziora, M.A., McGinnis, W., 1990. Altering the regulatory targets of the deformed
protein in Drosophila embryos by substituting the abdominal-B homeodomain.
Mech. Dev. 33, 83–93.
Laughon, A., 1991. DNA binding speciﬁcity of homeodomains. Biochemistry 30,
11357–11367.
Leemans, R., Loop, T., Egger, B., He, H., Kammermeier, L., Hartmann, B., Certa, U.,
Reichert, H., Hirth, F., 2001. Identiﬁcation of candidate downstream genes for the
homeodomain transcription factor labial in Drosophila through oligonucleotide-
array transcript imaging. Genome Biol. 2 RESEARCH0015.
Lewis, E.B., 1963. Genes and developmental pathways. Am. Zool. 3, 33–56.
Lewis, E.B., 1978. A gene complex controlling segmentation in Drosophila. Nature 276,
565–570.
Lin, L., McGinnis, W., 1992. Mapping functional speciﬁcity in the Dfd and Ubx homeo
domains. Genes Dev. 6, 1071–1081.
Mackereth, M.D., Kwak, S.J., Fritz, A., Riley, B.B., 2005. Zebraﬁsh pax8 is required for otic
placode induction and plays a redundant role with Pax2 genes in the maintenance
of the otic placode. Development 132, 371–382.
Maconochie, M.K., Nonchev, S., Studer, M., Chan, S.K., Popperl, H., Sham, M.H., Mann, R.
S., Krumlauf, R., 1997. Cross-regulation in the mouse HoxB complex: the
expression of Hoxb2 in rhombomere 4 is regulated by Hoxb1. Genes Dev. 11,
1885–1895.
Mann, R.S., Hogness, D.S., 1990. Functional dissection of Ultrabithorax proteins in D.
melanogaster. Cell 60, 597–610.
McCabe, C.D., Innis, J.W., 2005. A genomic approach to the identiﬁcation and
characterization of HOXA13 functional binding elements. Nucleic Acids Res. 33,
6782–6794.
McGinnis, W., Krumlauf, R., 1992. Homeobox genes and axial patterning. Cell 68,
283–302.McIntyre, D.C., Rakshit, S., Yallowitz, A.R., Loken, L., Jeannotte, L., Capecchi, M.R., Wellik,
D.M., 2007. Hox patterning of the vertebrate rib cage. Development 134,
2981–2989.
Merabet, S., Kambris, Z., Capovilla, M., Berenger, H., Pradel, J., Graba, Y., 2003. The
hexapeptide and linker regions of the AbdA Hox protein regulate its activating and
repressive functions. Dev. Cell. 4, 761–768.
Merabet, S., Saadaoui, M., Sambrani, N., Hudry, B., Pradel, J., Affolter, M., Graba, Y., 2007.
A unique Extradenticle recruitment mode in the Drosophila Hox protein
Ultrabithorax. Proc. Natl. Acad. Sci. U. S. A 104, 16946–16951.
Moens, C.B., Selleri, L., 2006. Hox cofactors in vertebrate development. Dev. Biol. 291,
193–206.
Mohit, P., Makhijani, K., Madhavi, M.B., Bharathi, V., Lal, A., Sirdesai, G., Reddy, V.R.,
Ramesh, P., Kannan, R., Dhawan, J., Shashidhara, L.S., 2006. Modulation of AP and
DV signaling pathways by the homeotic gene Ultrabithorax during haltere
development in Drosophila. Dev. Biol. 291, 356–367.
Neuteboom, S.T., Peltenburg, L.T., van Dijk, M.A., Murre, C., 1995. The hexapeptide
LFPWMR in Hoxb-8 is required for cooperative DNA binding with Pbx1 and Pbx2
proteins. Proc. Natl. Acad. Sci. U. S. A. 92, 9166–9170.
Nornes, H.O., Dressler, G.R., Knapik, E.W., Deutsch, U., Gruss, P., 1990. Spatially and
temporally restricted expression of Pax2 during murine neurogenesis. Develop-
ment 109, 797–809.
Noyes, M.B., Christensen, R.G., Wakabayashi, A., Stormo, G.D., Brodsky, M.H., Wolfe, S.A.,
2008. Analysis of homeodomain speciﬁcities allows the family-wide prediction of
preferred recognition sites. Cell 133, 1277–1289.
Oliver, G., Wehr, R., Jenkins, N.A., Copeland, N.G., Cheyette, B.N., Hartenstein, V.,
Zipursky, S.L., Gruss, P., 1995. Homeobox genes and connective tissue patterning.
Development 121, 693–705.
Passner, J.M., Ryoo, H.D., Shen, L., Mann, R.S., Aggarwal, A.K., 1999. Structure of a DNA-
bound Ultrabithorax–Extradenticle homeodomain complex. Nature 397, 714–719.
Peifer, M., Wieschaus, E., 1990. Mutations in the Drosophila gene extradenticle affect
the way speciﬁc homeo domain proteins regulate segmental identity. Genes Dev. 4,
1209–1223.
Pfeffer, P.L., Gerster, T., Lun, K., Brand, M., Busslinger, M., 1998. Characterization of three
novel members of the zebraﬁsh Pax2/5/8 family: dependency of Pax5 and Pax8
expression on the Pax2.1 (noi) function. Development 125, 3063–3074.
Phelan, M.L., Rambaldi, I., Featherstone, M.S., 1995. Cooperative interactions between
HOX and PBX proteins mediated by a conserved peptide motif. Mol. Cell Biol. 15,
3989–3997.
Piper, D.E., Batchelor, A.H., Chang, C.P., Cleary, M.L., Wolberger, C., 1999. Structure of a
HoxB1-Pbx1 heterodimer bound to DNA: role of the hexapeptide and a fourth
homeodomain helix in complex formation. Cell 96, 587–597.
Popperl, H., Bienz, M., Studer, M., Chan, S.K., Aparicio, S., Brenner, S., Mann, R.S.,
Krumlauf, R., 1995. Segmental expression of Hoxb-1 is controlled by a highly
conserved autoregulatory loop dependent upon exd/pbx. Cell 81, 1031–1042.
Rambaldi, I., Kovacs, E.N., Featherstone, M.S., 1994. A proline-rich transcriptional
activation domain in murine HOXD-4 (HOX-4.2). Nucleic Acids Res. 22, 376–382.
Rijli, F.M., Mark, M., Lakkaraju, S., Dierich, A., Dolle, P., Chambon, P., 1993. A homeotic
transformation is generated in the rostral branchial region of the head by
disruption of Hoxa-2, which acts as a selector gene. Cell 75, 1333–1349.
Rohrschneider, M.R., Elsen, G.E., Prince, V.E., 2007. Zebraﬁsh Hoxb1a regulates multiple
downstream genes including prickle1b. Dev. Biol. 309, 358–372.
Ryoo, H.D., Mann, R.S., 1999. The control of trunk Hox speciﬁcity and activity by
Extradenticle. Genes Dev. 13, 1704–1716.
Schwab, K., Hartman, H.A., Liang, H.C., Aronow, B.J., Patterson, L.T., Potter, S.S., 2006.
Comprehensive microarray analysis of Hoxa11/Hoxd11 mutant kidney develop-
ment. Dev. Biol. 293, 540–554.
Tan, D.P., Ferrante, J., Nazarali, A., Shao, X., Kozak, C.A., Guo, V., Nirenberg, M., 1992.
Murine Hox-1.11 homeobox gene structure and expression. Proc. Natl. Acad. Sci. U.
S. A. 89, 6280–6284.
Tour, E., Hittinger, C.T., McGinnis, W., 2005. Evolutionarily conserved domains required
for activation and repression functions of the Drosophila Hox protein Ultrabithorax.
Development 132, 5271–5281.
Tumpel, S., Cambronero, F., Ferretti, E., Blasi, F., Wiedemann, L.M., Krumlauf, R., 2007.
Expression of Hoxa2 in rhombomere 4 is regulated by a conserved cross-regulatory
mechanism dependent upon Hoxb1. Dev. Biol. 302, 646–660.
Valerius, M.T., Patterson, L.T., Witte, D.P., Potter, S.S., 2002. Microarray analysis of novel
cell lines representing two stages of metanephric mesenchyme differentiation.
Mech. Dev. 112, 219–232.
Wellik, D.M., 2007. Hox patterning of the vertebrate axial skeleton. Dev. Dyn. 236,
2454–2463.
Wellik, D.M., Capecchi, M.R., 2003. Hox10 and Hox11 genes are required to globally
pattern the mammalian skeleton. Science 301, 363–367.
Wellik, D.M., Hawkes, P.J., Capecchi, M.R., 2002. Hox11 paralogous genes are essential
for metanephric kidney induction. Genes Dev. 16, 1423–1432.
Zakany, J., Duboule, D., 2007. The role of Hox genes during vertebrate limb
development. Curr. Opin. Genet. Dev. 17, 359–366.
Zeng, W., Andrew, D.J., Mathies, L.D., Horner, M.A., Scott, M.P., 1993. Ectopic expression
and function of the Antp and Scr homeotic genes: the N terminus of the
homeodomain is critical to functional speciﬁcity. Development 118, 339–352.
Zhao, Y., Potter, S.S., 2001. Functional speciﬁcity of the Hoxa13 homeobox.
Development 128, 3197–3207.
Zhao, Y., Potter, S.S., 2002. Functional comparison of the Hoxa 4, Hoxa 10, and Hoxa 11
homeoboxes. Dev. Biol. 244, 21–36.
